While there appears to be general agreement that adrenocortical deficiency results in a reduction of gastric secretory activity both in man (1-6) and in animals (7-11), no such unanimity of opinion exists regarding the effects of increased activity of the adrenal cortex on gastric secretion. Whereas some studies have shown that the administration of ACTH or of adrenocortical steroids may increase gastric acid and pepsin secretion (12) (13) (14) , others have failed to show any significant increase in acid or pepsin output by the stomach during the administration of ACTH (15-17) or cortisone or hydrocortisone (18, 19) . Part of the confusion regarding any stimulant effect of increased adrenocortical activity stems from the use of urinary pepsinogen (uropepsin) levels as an index of gastric secretion.
crease the excretion of this substance. Furthermore, urinary pepsinogen has been found to be a poor index of gastric secretory activity for reasons which are discussed below.
METHODS
Sixteen normal adult male students were studied in the fasting state. In 15 of these subjects, each experiment was started between 7 and 8 A.M.; in the other, the experiments started at 11 A.M. To serve as a control period, the vehicle alone (1 per cent ethyl alcohol, 2.5 per cent dextrose, and 0.45 per cent NaCl in water) was infused for 3 hours, followed for 8 hours by the infusion of 25 international units of corticotropin (ACTH), 100 mg. hydrocortisone (F), 100 mg. corticosterone (B), 25 mg. prednisolone (A-F), or 400 ftg. aldosterone in 1,000 ml. of the vehicle, followed in turn by a further 2 hours of infusion of vehicle. Thirteen subjects received ACTH; 11, hydrocortisone; 9, corticosterone; and 13, the vehicle alone. Eight subjects each had all four experiments, 2 of these also receiving prednisolone, and one of the latter an infusion of aldosterone as well. In further experiments on 6 of these subjects and 4 others, 1.2 mg. histamine base (as the diphosphate) in 500 ml. 0.9 per cent saline was infused over 4 hours after a one-hour control period.
Gastric tubes were passed either orally or nasally according to the subject's preference, and the gastric end positioned under fluoroscopic control in the proximal part of the pyloric antrum at the start of the experiment. At the end of each experiment the tube was again checked for position, and in no instance had it shifted significantly. Continuous aspiration of the stomach was maintained through the experiment and supplemented at half-hour intervals by hand suction with a syringe.
The consecutive half-hour samples of gastric juice were analyzed for free H+ ion by-electrometric titration to pH 3.3 against 0.1 N NaOH; the samples were then refrigerated and at the end of each experiment they were centrifuged for 15 minutes at 2,500 rpm and the viscosity of the supernate measured immediately at room temperature by measuring the time taken for a column of gastric juice to fall between two fixed points in a straight capillary tube (using 0.2 ml. fluid) (15) ,. To determine the approximate -changes in mucin concentration which might be responsible for the observed variations in viscosity of gastric juice by this method, the viscosity of a series of dilutions of hog mucin (Wilson 1701-W) in 0.04 N HCO was measured ( Figure 1 ). In order to establish the validity of measuring the viscosity of the gastric juice by this method, the results of 127 samples from some of these experiments were compared with values obtained with an Ostwald viscometer (using 3.5 ml. fluid) at 37°C. in the same samples. The results, in terms of water as unity, were strictly comparable and a correlation coefficient gave an 'rY value of + 0.88. The standard error of 25 replicate measurements of one sample was ± 0.14 per cent of the mean. The viscosity readings were not influenced by centrifugation at 2,500 rpm for periods ranging from 10 to 50 minutes after the initial centrifugation, suggesting that the substances imparting the extra viscosity were in solution. Bile contamination in the amounts observed had no appreciable effect on the viscosity of gastric juice. It should be added that the method employed here is not recommended for comparing different fluids, but appeared to be adequate for the serial determination of the viscosity of gastric juice.
Icteric index and pepsin concentration of the gastric juice were measured the next morning, the former by the method described for plasma (20) , the latter using 2 per cent hemoglobin substrate and a 1: 50 dilution of gastric juice (21) . The total eosinophil count, employing a phloxine stain, and the plasma pepsinogen (21) content of blood samples collected every 2 hours were determined. Samples of urine collected overnight before each and after most experiments and every 2 hours during each experiment were assayed for pepsinogen by the hemoglobin method (22) Volume of gastric juice Table II details the mean hourly volume of gastric juice aspirated in the 3-hour control period and in each succeeding 2-hour period of the experiments. The volumes were significantly increased over the control period in the last 2 hours of ACTH infusion and in the succeeding 2 hours, as well as during the entire period (except the second 2 hours) of the corticosterone infusion and in the 2 hours following its infusion. The magnitude of these increases, though statistically significant, did not approach 25 per cent of the increases noted with histamine. There were no significant increases in the volume of gastric secretion in either the vehicle or in the hydrocortisone or the prednisolone experiments.
Output of hydrochloric acid (Table III) The output of acid did not change significantly from the corresponding control values during the infusion of any of the hormones. The only statistically significant rise in the output of acid occurred in the 2 hours after the end of the corticosterone infusion. Even in this period, however, the actual output of acid was of the same order of magnitude as in the corresponding period of the Output of pepsin (Table IV) There was a small, progressive increase in the output of pepsin in all of the experiments, except those in which hydrocortisone was infused. When compared with the values during the corresponding control periods, the pepsin output was significantly increased during the last 6 hours of the corticosterone infusion and after the end of the infusions of corticosterone and of ACTH. The actual output of pepsin in the hormone experiments, however, was always lower than in the corresponding periods in the vehicle experiments, and the absolute increases observed in the hormone experiments were never greater than 25 per cent of the increases which occurred with the histamine infusions.
The composition of gastric juice
The over-all secretory activity of the stomach as judged by the output of water, acid, and pepsin remained substantially unaltered under the in- the vehicle experiments. With infusion of the progressive fall in viscosity which became manivehicle alone, the concentration of pepsin tended fest in the first 2 hours of infusion, statistically sigto rise as the experiment progressed. There was a nificant by the sixth hour, and highly significant in persistent but smaller rise in the concentration of the following 4 hours. There was a general tendpepsin with the infusion of corticosterone, and no ency for the viscosity to fall in the other experiessential changes in concentration with the infu-ments, but only in the last 2 hours of the corticossion of ACTH or of hydrocortisone or predniso-terone infusion was this fall statistically significant. lone. The most striking changes occurred with In general, the decrease in viscosity, representthe infusion of aldosterone, during which the con-ing presumably dissolved mucus, was also obcentrations of pepsin and acid more than doubled. served in visible mucus. This was especially obSuch an increase in pepsin concentration was not vious with the ACTH infusions, during which observed in any other experiment.
visible mucus tended to disappear from the gastric Viscosity of gastric juice juice.
The normal viscosity of gastric juice is little Plasma pepsinogen concentrations higher than water (Table VI) (Table VII) , and all the subjects had levels ( Figure 1 ). which were well within the normal range (25) .
The infusions of vehicle produced no significant This stability contrasted with the rather marked changes in viscosity compared to the control pe-changes in excretion of pepsinogen in the urine, riod. Under the influence of ACTH there was a described below. However, the mean response to the infusions of hydrocortisone was a statistically significant increase over the control period, from the second hour of the hormone infusion until the 2-hour period after the completion of the infusion. With corticosterone, 5 of the 9 subjects showed a small increase in pepsinogen excretion, but the mean showed no significant increase for the group over the control period. With aldosterone there was a drop in urinary pepsinogen excretion, and with prednisolone an increase in the one experiment where urinary pepsinogen was measured. The effects of hydrocortisone persisted during the night after the infusion, whereas the effects of the other hormones did not continue for more than 2 hours after their infusion.
The clearance of pepsinogen
The calculated renal clearances of pepsinogen indicate, as would be expected from the plasma and urinary pepsinogen figures, that hydrocortisone more than doubled the clearance, and that ACTH caused a moderate increase (Figure 2 ).
The relation of urinary pepsinogen to glucocorticoid activity Comparison of the output of urinary pepsinogen with that of 17-hydroxycorticoids in the ACTH experiments showed some association between the two (r = + 0.43, n = 55, p < 0.01). Furthermore, the mean urinary pepsinogen excretion and mean total eosinophil counts showed an excellent negative linear correlation (r =-0.88, p < 0.001), (Figure 3 ).
Relation of urinary pepsinogen to gastric pepsin secretion
In each experiment on each subject the output of pepsinogen in the urine was compared with the output of pepsin into the stomach, in three periods comprising, respectively, the entire control period preceding, the 8 hours during, and the 2 hours following the hormone infusion. These data (Figure 4) show no correlation between urinary pepsinogen excretion and the simultaneous secretion of pepsin into the stomach. The calculated ratios of Gastric pepsin: Urinary pepsinogen for these periods showed very wide fluctuations ranging from 88: 1 to 2 Tables I and VIII ). (1) showed that hydrochloric acid secretion was depressed or absent in Addison's disease, and Escamilla and Lisser (2) that the same was true in Simmonds' disease. The mechanisms whereby the adrenocortical secretions maintain normal gastric secretion are not clear. The gastric hypofunction in Addison's disease may (4) or may not (3) be associated with gastric mucosal atrophy as judged by gastroscopy. Secretion in both cases was restored to normal by cortisone, with a return to normal of the mucosa in the former instance (4).
In animals there is evidence that both pituitary (9) and adrenal insufficiency (7-9) result in impairment of gastric secretion, and that the decrease in pepsin secretion is accompanied by involution of the chief cells with loss of ribonucleic acid (8, 9) . Confirmation of this involution, noted histologically, was obtained by chemical analysis for pepsinogen which was decreased in the mucosa of the stomachs of adrenalectomized rats (11) . Restoration of secretion with adrenal cortex extract (7) and of normal synthesis of pepsinogen by cortisone, corticosterone, hydrocortisone, and desoxycorticosterone, as well as by cortical extract (11) , indicates the relatively nonspecific steroid requirements of the chief cells for normal function. It would thus appear that the adrenocortical secretions are necessary to maintain both structural and functional integrity of the gastric mucosa, probably acting in a permissive (6) or trophic role.
On the other hand, the evidence in support of a stimulant role for the adrenal cortex in gastric secretion is both inadequate and conflicting. Gray and his colleagues have claimed such a role for the adrenal both in acute (13) and in chronic experiments (12, 27, 28) . In the published evidence presented by these authors many of the values for gastric juice volume, acid and pepsin are within the limits of fluctuation in the basal state, and where significant increases were noted, these were usually in the second or third week of sustained high adrenocortical activity. The observations of these authors are supported by the finding in four dogs of a moderate, though inconsistent, increase in acid output while the animals were being given large doses of ACTH (14), and by unconvincing evidence of hypersecretion of acid in Cushing's syndrome (5) . Moreover, much of the evidence for an increase in gastric secretion produced by ACTH and the adrenocortical steroids is indirectly derived from the increase in urinary pepsinogen excretion under the influence of these hormones (27, 28) . As has been shown before (15, 29) and again in this paper, the rise in urinary pepsinogen is not a reflection of similar changes in gastric secretion. In contrast with the findings of Gray and his associates (12, 13, 27, 28) , Kirsner and Ford (16) have recently reported that ACTH and cortisone administration over prolonged periods failed to increase gastric secretion in man, and Davenport and Chavre (30) failed to show any stimulant effects of cortisone on their in vitro preparations of mouse stomach. The present results have shown no evidence of any significant stimulation of the secretion of acid or pepsin by the infusions of ACTH, hydrocortisone or corticosterone. In order to place in their proper physiological perspective the effects of the hormone infusions on gastric secretion, the very pronounced effects of intravenous infusions of histamine have been described alongside those of the hormones. It is possible that the hormone infusions were too short to have caused any great changes in gastric secretion, though Villarreal, Ganong, and Gray (13) have described increases in gastric secretion within 4 to 6 hours of ACTH administration in dogs. Moreover, 5 subjects receiving ACTH-gel for 6 days (15) showed only small and inconsistent changes in gastric secretion, while 4 subjects receiving 150 mg. hydrocortisone orally daily for 20 to 30 days and two others, receiving 100 mg. cortisone acetate orally daily for 40 days showed no increase in acid or pepsin secretion in basal gastric secretion, determined twice weekly (18) .
The composition of gastric juice
The principal change in the gastric juice observed in these experiments was a decrease in viscosity in subjects receiving ACTH or corticosterone. Hydrocortisone and prednisolone had no significant effect on viscosity. These results suggest that the effect of ACTH on viscosity was not mediated by hydrocortisone, and may have been mediated by corticosterone or by some other hormone or contaminant. A similar decrease in viscosity has been seen previously with more prolonged ACTH administration in man (15) , and in dogs receiving ACTH (13) . In adrenalectomized rats the viscosity of gastric juice is much increased (17) , and hydrocortisone or cortisone produce a decrease of stainable mucus on the surface and in the pits of the gastric mucosa of rats (10) . These results suggest an important but still unclear role of the adrenal cortex in the regulation of gastric mucus secretion.
With regard to the concentration of acid, there was no striking effect of ACTH, hydrocortisone or corticosterone. The one experiment in which aldosterone was given showed a fairly steep increase in H ion concentration. Of all the experiments, only the one with aldosterone had a clearcut stimulant effect on the concentration of pepsin in the gastric juice. While it would be unwise to draw sweeping conclusions from one experiment, the data are striking enough to deserve consideration. We have recently suggested (11) that sodium depletion in rats (in the face of adrenalectomy) results in gross depression of the synthesis of gastric pepsinogen. The apparently marked stimulation of gastric pepsin secretion by aldosterone, the most potent of the salt-retaining hormones, suggests that sodium may well play an important part in the secretion of pepsin as well as in its synthesis.
It is not surprising that many of the effects of ACTH, notably eosinopenia and urinary pepsinogen increase, were reproduced by hydrocortisone, in view of the release of a preponderance of this steroid from the human adrenal cortex stimulated by ACTH (25) . On the other hand, not all of the effects of ACTH could be reproduced by hydrocortisone. The fall in gastric juice viscosity, for instance, was not observed in the hydrocorti-*sone experiments, but did occur in the corticos--terone experiments. This observation may have -identified one physiological role for corticosterone ain man.
The control and significance of urinary pepsinogen excretion This study has confirmed that ACTH invariably increases the excretion of urinary pepsinogen and that such increases occur within a few hours of the start of the ACTH administration. It has also indicated that such increases did not reflect similar changes in gastric secretion. The evidence further shows that the changes observed with ACTH were the result of glucocorticoid activity, acting principally, if not wholly, on the kidney. The significant role of the glucocorticoids in the regulation of urinary pepsinogen excretion, found in these experiments, is supported by the positive correlations between urinary pepsinogen and urinary 17-hydroxycorticoids in Addison's disease, in Cushing's syndrome, and during ACTH stimulation (31) .
The amount of pepsinogen excreted in the urine depends on at least three factors (29) . Since the stomach is the source of urinary pepsinogen, the gastric peptic cell mass (21) in part determines whether there is none in the urine, as in pernicious anemia (32, 33) or an increased amount as in duodenal ulcer (32, 33) , and especially so in longstanding duodenal ulcer (22) , where the gastric peptic cell mass can reasonably be assumed to be increased.
The second factor involved is the secretion gradient of the peptic cells, that is, the proportion of the peptic cell pepsinogen which is secreted into the stomach, as compared with that passing into the blood. We have recently observed two cases (15, 34) in which the secretion gradient was reversed and a large proportion of the gastric cell pepsinogen passed into the blood and so into the urine, resulting in great increases in urinary pepsinogen, while the amount secreted into the stomach was strikingly reduced. The reasons for and mechanisms of this reversal are not known.
The third factor involved is the renal clearance of pepsinogen from the plasma. Under both the conditions mentioned above, the clearance of pepsinogen was normal (29) and the increases in urinary pepsinogen resulted directly from the elevated levels of plasma pepsinogen. On the other hand, the increases related to adrenal glucocorticoid activity occurred with unchanged plasma pepsinogen levels and little or no change in gastric pepsin secretion, and were due entirely to increases in pepsinogen clearance by the kidney.
A high level of urinary pepsinogen may therefore be found with a high, low, or normal amount of gastric pepsin secretion, depending on the particular set of circumstances under which it is measured. Conversely, there may be an increased amount of pepsin secreted into the stomach with a normal, or, less commonly, a decreased amount of pepsinogen excreted into the urine.
The lack of correlation between gastric pepsin and urinary pepsinogen found in this study may appear to differ strikingly from the positive correlation reported by Janowitz and Hollander (32) . When the normal group included in their report is examined alone, however, there is little if any direct correlation between urinary and gastric pepsinogen. Their over-all correlation coefficient is weighted by the cases with pernicious anemia at one extreme and some of the cases with duodenal ulcers (increased peptic cell mass) at the other extreme.
SUMMARY
In 49 experiments on 16 normal subjects, the effects of 8-hour intravenous infusions of ACTH, corticosterone, hydrocortisone, aldosterone and prednisolone on gastric secretion and on plasma and urine pepsinogen were compared with values found in the preceding 3-hour control period and with experiments in which no hormone was infused. The gastric effects of these hormone infusions were contrasted with 10 experiments in which histamine was infused for 4 hours.
No changes in concentration or output of acid or pepsin could be attributed unequivocally to the hormone infusions, except for a doubling of the acid and pepsin concentrations during the single infusion of aldosterone. The viscosity of the gastric juice was significantly reduced by ACTH and by corticosterone, but not by hydrocortisone, suggesting one possible role for the corticosterone which is secreted by the human adrenal.
ACTH invariably increased the output of urinary pepsinogen while the plasma pepsinogen levels remained unaltered, the increases being due entirely to an increased renal clearance of pepsinogen. These effects were reproduced by hydrocortisone and to a much smaller extent by corticosterone, while aldosterone had the opposite effect. An excellent negative correlation between the mean eosinophil count and the amount of pepsinogen in the urine indicated that the normal variations of pepsinogen in the urine were probably under control of the glucocorticoids. The reasons for the lack of correlation between gastric pepsin and urinary pepsinogen lie in the complex and ill-understood factors which govern the discharge of the enzyme from the gastric cells into the blood and in the secondary factors which determine the amount of the enzyme cleared from the blood by the kidney.
